(Received for publication, April 14, 1964) The functional role of antibodies is markedly influenced by molecular characteristics which are independent of antigen-binding activity. Differences in placental transfer, skin fixation, complement-binding activity, rate of catabolism, and genetically determined antigens reflect specific characteristics of different classes of immunoglobulins (1, 2) . Recognition of the major subdivisions of the immunoglobulins is important in functional, genetic, and structural studies of the immune system.
Mice provide a good opportunity to correlate composition and function within the immune system because of the availability of inbred strains and an extensive background of immunologic studies. 7S (6.6S) "},-globulins, WA (fl~A)-globulins, and V~ ~m)-globulins have been identified in normal mouse serum (2) (3) (4) (5) (6) (7) (8) . Only the 7S T-globulins of mice, however, have been purified and characterized (9) . Several observations, in this laboratory, indicated that the 7S v-globnlins of mice might include more than one immunoglobulin class. Immunization of mice with hemocyanin and Freund's adjuvant induced a hyperglobulinemla and high levels of antibody (10) . In some strains, however, the largest part of the 7S v-globulin increase migrated more cathodally than most of the antibody activity detected by sensitized tanned cell hemagglutination tests. Two dasses of 7S v-globulins, differing in their response to immunization, could account for this difference. Studies of mouse myeloma serums also supported the possibility of two (or more) classes of serum 7S ~.-globulins. Immunoelectrophoresis of serums containing v-myeloma proteins revealed typical distortion of the 7S v-globulin precipitin arc by the v-myeloma protein and, in addition, a component farther from the antiserum trough with immunoelectrophoretic characteristics of normal v-globulin. If two classes of 7S v-globulin exist in mice, then a myeloma protein could belong to one class while the relatively normal serum v-globulin precipitin arc would represent the second class of v-globulins. Thus, the observa-~FOLTR MAJOR IMMUNOGLOBULIN CLASSES tions with myeloma serums and hyperimmune serums pointed to the existence of two classes of 7S v-globulins in mouse serum.
On the basis of the above observations, preliminary studies were undertaken and two classes of mouse 7S immunoglobulins were identified. These were tentatively designated 7S v2-globulins and 7S vl-globulins. It was apparent, however, that the significance of observations on the two classes of 7S v-globulins would be enhanced if the ~,u (/3~A)-globulins and v~-globulins of normal serum were better defined. Therefore, efforts were made to purify and characterize all four immunoglobulin classes. The present report is concerned with (a) identification and characterization of the 7S v~-glohulins and 7S w-globulins, (b) demonstration of antibody activity in four classes of immunoglobulins, i.e. 
Methods
Serum.--Blood was obtained by cardiac puncture and allowed to clot at room temperature for 2 hours prior to centrifugation and separation of the serum. Serums were used immediately or were frozen at --15 ° C until needed. Serums from colony-bred white Swiss mice and from inbred C3HpHe and C57BL/6JN mice were used. Serums were also obtained from mice bearing transplantable mouse plasma-ceil tumors 5563 (11), Adj.PC-5 (6), SPC-1, MPC-1, and MPC-11 (7, 11) , 31, 36, 37, 40 (12) ; and tumor 45 of Rask-Nielsen (RNPC-45) (13) .
Mydoma Proteins.--Myeloma proteins 5563, Adj.PC-5, and MPC-11 were prepared from serum by diethylaminoethyl (DEAE) cellulose chromatography (14) . Myeloma protein MPC-31 was prepared by zone electrophoresis; only myeloma protein fractions with no detectable normal v-globulins were used. Myeloma proteins SPC-1 and MPC-1, 25, 36, 37, and 40 were prepared by a combination of zone (block) electrophoresis and DEAE cellulose chromatography (15) .
Immunoglobulins of Normal Serum.--Serum protein fractionation was carried out by three procedures similar to those used in obtaining immunoglobulin components from human serum: zone (block) electxophoresis in a mixed supporting medium of pevikon® and geon® particles (15) , DEAE cellulose chromatography (14, 15) , and sephadex G-200 filtration (15, 16) . The purified proteins were characterized by immunoelectrophoresis, starch gel electrophoresis, and nltracentrifugal analysis as previously described (7, 17) .
7S v-Globulins were prepared from normal serum by zone (block) electrophoresis and elution of the proteins from 1 cm sections of the block. Fractions which contained only 7S ~f-globulins were pooled and concentrated by ultraffitration for further study. 7S v-Globulins also were obtained by fractionation of electrophoretically prepared v-globulins on sephadex G-200 columns.
The 7S T2-globulins and 7S Tl-globalins were partially purified by a combination of sephadex G-200 filtration and by zone (block) electrophoresis. Six ml of serum was filtered through a 5 x 50 cm column of sephadex G-200. The 7S globulin peak from the serum was concentrated and fractionated by block electrophoresis. Fractions obtained at the most cathodal end of the v-globulin spectrum contained a predominance of 7S w-globulins and those at the anodal end contained 7S w-globulins.
/3~-Globulins were prepared by sephadex G-200 filtration of normal serum (or serum from hyperimmunized mice) and refractionation on sephadex G-200 of the region intermediate between the 7S and 18S globulin peaks. ]~-Globulins obtained by this procedure were intermediate in size between 7S and 18S globulins. ~2A-Globulin fractions containing 7S globulins were obtained by DEAE cellulose chromatography of the first half of the 7S globulin peak obtained by sephadex G-200 filtration of serum or by G-200 filtration of beta globulin fractions obtained by zone (block) electrophoresis (15) .m-Globulins were prepared by a two-step procedure. Preparative zone (block) electrophoresis was used to obtain the macroglobulin-rich portion of the 'y-globulin region, and this fraction was filtered through a column of sephadex G-200 to separate the 188 qt-macroglobulin from 7S q/-globulins.
Distribution of Imrnunoglobulinsin Serum.--Serum from C3H/He mice immunized by intraperitoneal injection of hemocyanin in Freund's adjuvant and serum of C57BL/6JN mice immunized by injection with C3H/He spleen cells were fractionated by zone (block) electrophoresis to determine the electrophoretic distribution of immunoglobulin components and by filtration on columns of sephadex G-200 to determine size distribution.
The amount of each immunoglobulin component in the electrophoretic and the column filtration fractions were determined by a modification of the agar diffusion method of Feinberg (18) and Mancini eta/. (19) . Antigen is allowed to diffuse from uniform size cups in plates of agar containing specific antibody. The area of precipitate formed by unknown samples is compared to the precipitate area formed by known concentrations of purified protein of the specific immunoglobulin group being tested.
A ntiserum.--Antiserums were prepared in rabbits by immunization as previously described (5, 7) with normal mouse serum (four rabbits), normal 7S ~/-globulin fractions (five), normal "Yt ~t-and flu-globulin fractions (four), "/rmyeloma proteins (six), q't-myeloma proteins (four), #~x-myeloma proteins (four), and 8 and F pieces from the papain digests of ~'-myeloma proteins (four).
Specific antiserums were prepared by appropriate absorption. Addition of purified immunoglobulin fractions or myeloma proteins removed antibodies against antigenic determinants common to all immunoglobulins. In some cases, antiserums were absorbed with serum from germfree mice in order to remove antibodies against non-immunoglobulin components. Specific antiserum for 78 ~2-globulin (R14A, Rll0A) was prepared from antiserum to 7S qt~-myeloma proteins (5563 or Adj.PC-5) by absorption with/3~x-myeloma protein MPC-1 and/or 7S qq-myeloma protein MPC-25. Specific antiserum for 7S ~/t-myeloma protein (R121A) was prepared from antiserum to 78 "yt-myeloma proteinMPC-25 by absorption with 5563 ~,~myeloma protein and germfree serum. Specific antiserum for ~/xx (~)-globulin (R51A, R52J~) was prepared from antiserum to qttA (~)-myeloma protein MPC-1 by absorption with 5563 ~,-myeloma protein, MPC-25 ~/t-myeloma protein, and germfree serum. Specific antiserum for qqM-g]obulln (R81A, Rll3JL) was prepared from antiserum to a normal mouse qqM-globulln fraction by absorption with q~tA (13~)-myeloma protein MPC-1, q/r-myeloma protein 5563, and germfree serum.
Antibodies ir~ Mice.--Mice were immunized by intraperitoneal injection at 1 month intervals of 1 mg hemocyanin in 0.1 ml saline emulsified in 0.1 ml of Freund's adjuvant. Complete adjuvant was used for the initial injection, incomplete adjuvant for the subsequent ones. Mice were bled or intraperitoneai ascites were obtained 2 or 3 months after initial immunization.
Radioimmunoelectrophoresis by the technique of Yagl et al. (20) was used to identify antibody activity. Ira-labeled hemocyanin was prepared by a modification of the technique of McFarlane (21) .
RESULTS
Identification in Normal Serum.--Four immunoglobulin classes were identified by immunoelectrophoresis of normal mouse serum (Fig. 1 ). These were desig-nated as 7S ~,2-globulins, 7S -n-globulins, 7~ (fl2A)-globulins, and "r~-macroglobulins on the basis of immunochemical and physicochemical observations reported below. Each class could be identified separately in normal serum by the use of specific antiserums as shown in Fig. 1 .
Antibody Acti~ity.--The most distinctive feature of the immunoglobulin group of proteins is antibody activity. Therefore, studies were undertaken to determine if the four globulins possessed antibody activity. Radlolmmunoelectrophoresis was used to identify antibody components in serum from mice hyperimmunized with hemocyanin. The immunogloblflin classes were identified with polyvalent antiserum against all immunoglobulins and with specific antiserums (Fig. 1, left) . Ira-labeled hemocyanin was used to detect antihemocyanin antibodies. As seen in Fig. 1 (right) autoradiographs revealed specific binding of Im-hemocyanin by 7S "rs-globulin, 7S 3,~-globulin, fl~-globulin, and ~,~-globulin antibodies. The presence of antibody activity in all four classes indicates that each is a member of the immunoglobulin group.
Physicochemical Properties.--The immunoglobulin classes were characterized and compared on the basis of their electrophoretic mobility (Fig. 2) , their size as indicated by ultracentrifugal properties (Fig. 3) , and distribution on sephadex G-200 filtration (Fig. 4) .
The 7S 7~-globulins were identified on the basis of electrophoretic and ultracentrifugal properties. The bulk of the 7S "is-globulins were identified in the middle and slow gamma globulin regions on zone electrophoresis (Fig. 2) . These proteins were heterogeneous on electrophoresis, some 7S 3,2-globulin molecules migrating as rapidly as t-globulins. Ultracentrifugation revealed a single peak sedimenting (s20..)6.7S (Fig. 3) . The ultracentrifugal findings were confirmed by filtration of serum on a column of sephadex G-200 (Fig. 4) . The 7S 72-globulins were found to be evenly distributed throughout the 7S globulin peak (Fig. 
4).
A second group of 7S 7-globulins was designated 7S vl-globulins. The electrophoretic mobility of 7S -n-globulins overlapped with the 7S "r~-globulins of normal serum (Fig. 1) , but the bulk of these proteins migrated in the middle and fast gamma globulin region (Fig. 2) . Ultracentrifugation of a 7S -n-globulin preparation revealed a single component with sedimentation coefficients of 6.9S (Fig. 3) . This datum is in accord with evidence obtained by sephadex G-200 filtration where the 3,1-globulins were identified throughout the 7S globulin peak of normal serum (Fig. 4) .
The v~ (~2A)-globulins were the most rapidly migrating immunoglobulin class ( Figs. 1 and 2) . The bulk of the 3'~ (~2A)-globulins were in the mid-beta region on zone electrophoresis, with components extending into the alpha globulin and gamma globulin regions (Fig. 2) . (Fig. 4) . Some '~IA (/~2A)-globulins were eluted in the 7S globulin peak. On ultracentrifugation of a 3'~A (~2A)-globulin preparation 7S as well as 9, 11 and 13S components were seen (Fig. 3) . Fro. 2. Electrophoretic distribution of mouse immunoglobulins. Serum (3 ml) from C57BL/6JN mice immunized with homologous spleen ceils was fractionated by zone electrophoresis on a bed of polyvinyl particles in veronal buffer (see Methods). Individual 1 cm sections of the block were eluted with saline, concentrated to 0.5 ml, and dialyzed in saline. The amount of each immunoglobulin in the individual fractions was determined by quantitative precipitin tests carried out on Ouchterlony plates as described under Methods.
The 3,t-macroglobulins (-ylM-globulins) were the most rapidly sedimenting immunoglobulins in the ultracentrifuge (Fig. 3) . A sedimentation coefficient (s20,~) of 18S was observed at 2 mg/ml concentration. Most of the "g~-globulins migrated in the faster half of gamma globulin region or in the zone between the gamma and beta globulin peaks on zone electrophoresis (Fig. 2) . The ~'IM" globulins were present only in the initial fraction obtained by sephadex G-200 filtration of serum (Fig. 4) . Immunochemical Properties.--Each immunoglobulin class had distinctive antigenic determinants. Rabbits immunized with individual classes of immunoglobulins produced antibodies against antigenic determinants specific for that class. Absorption of these antiserums to remove antibodies against common antigenic determinants or contaminating proteins yielded specific antiserum for each immunoglobulin class. As shown in Fig. 1 , each class could be individually identified with the specific antiserum. Additional evidence of antigenic individuality was obtained by Ouchterlony tests. In Fig. 5 (right) precipitin spurs were formed by purified immunoglobulin components placed in adjacent wells.
The four immunoglobulin classes shared common antigenic determinants in addition to having specific determinants. The common antigenic determinants are demonstrated in Fig. 5 (left) where adjacent immunoglobulin components formed a continuous precipitin line about the antiserum well.
Genetic Determinants.--Two allelic genetic markers, the Iga-1 and Iga-2 isoantigens, have been noted to occur in mouse gamma globulins (22) (23) (24) (25) (26) . The distribution of these isoantigenic determinants in the four immunoglobulin classes was investigated in the present work. Immunoelectrophoretic tests, as shown in Fig. 6 , indicated that the proteins with Iga-1 isoantigen corresponded in electrophoretic distribution to 7S ~,2-globulins. Similarly, on Ouchterlony analysis of immunoglobulin fractions from C3H/He serum and C57BL/6JN serum (not illustrated) only 7S 7~-globulins formed precipitin lines with anti-Iga-1 serum or anti-Iga-2 serum respectively. Studies reported elsewhere (27) show that the Iga-1 and Iga-2 isoantigens are present on the ~,-specific part (F piece obtained by papain digestion) of the "y-globulin molecule. This evidence, and that reported in the present paper, indicate that the allelic genes Iga-1 and Iga-2 determine the synthesis of polypeptide chains that are present only in the 7S "r2-globulin class of immunoglobulins.
Myeloma Proteins.--Previous studies have shown that the serum myeloma proteins formed in mouse plasma cell tumors can be divided into two classes; i.e., -~-myeloma proteins and ~'IA (~9.A)-myeloma proteins (5-7, 17, 28) . This division was based on distinctive physicochemical and immunochemical features in each group, differences which were analogous to the differences between v-myeloma proteins and "YlA (~2A)-myeloma proteins in man (1, 29) .
Recognition of two types of 7S ~,-globulins in normal serum raised the possibility that the "y-myeloma proteins could be similarly divided into 7S "r2-myeloma proteins and 7S 71-myeloma proteins. A reassessment of mouse myeloma proteins, therefore, was undertaken.
Purified myeloma proteins were tested by Ouchterlony tests and by Osserman's modified immunoelectrophoretic technic (30) , and myeloma serums were tested by immunoelectrophoresis with specific antiserums. All tests were in agreement, and the results of representative immunoelectrophoretic tests are seen in Fig. 7 . Myeloma protein MPC-31 was found to react with antiserum specific for 7S 3,2-globulins and not with antiserums specific for the other immunoglobulins. (Only the negative test with specific anti-7S "rrglobulin is shown.) In similar tests (Fig. 7) , the MPC-25 myeloma protein is identified as a 7S 3,1-myeloma protein (reaction only with specific antiserum against 7S 3'rglobulin). The SPC-1 myeloma protein reacted as a B2A-myeloma protein as shown previously (7) . The anomalous RNPC-45 protein is an example of a 3,rmacroglobulin, as previously reported by Clausen el al. (13) . Twelve anomalous immunoglobulins of mice are classified in Table I . Five 7S 3,2-myeloma proteins and one 7S 3,1-myeloma protein are identified, and each normal serum immunoglobulin group was represented by at least one anomalous protein.
~0 U R M A~0 R I M M U N O G L O B U L I N C L A S S E S
Non-Immune Globulins of Gamma Mobility.--The present work was undertaken as a study only of serum immunoglobulins in mice, but it became a matter of importance to distinguish the immunoglobulin from the non-immunoglobulin components of serum. In studies on the serum proteins of germfree mice, undertaken with Sell (31), a component was readily evident in the germfree * Designation of myeloma protein as 5563 indicates the anomalous myeloma protein formed in the serum of mice bearing the transplantable plasma cell tumor 5563 (8) . A similar system is followed in the designation of the other myeloma proteins. Tumor RNPC-45 was generously made available by Dr. R. Rask-Nielsen, Copenhagen, Denmark (13) .
:~ The previously published classification of mouse ~2A-myelomaproteins (5) was confirmed in the present study and extended to include serum from new tumors MPC-36 and MPC-40 which have been made available by Dr. Ruth Merwin. serum which migrated in the gamma globulin electrophoretic region. This component was designated X~ and is seen in Fig. 8 . The Xv component was also evident in normal serum examined with appropriate antiserum (Fig. 8) .
Preliminary studies indicate that the X~ component is approximately the size of 4S proteins and does not contain antibody activity in hyperimmune serum. The serum concentration of Xv does not appear to be appreciably altered by the germfree state or by hyperimmunization. In sum, the evidence indicates that the serum X~ component is not an immunoglobulin.
DISCUSSION
Four distinct immunoglobulin classes in a single species are identified in the present study. Prior studies, indicating that normal mouse serum contains 7S 3,-globulins, /32A (3'aA)-globulins, and 7rmacroglobulins, have been extended here with identification of 7S 3,2-globulins and 7S 3,1-globulins and characteriza-
don of all four classes of immunoglobulins; i.e., 7S "r2-, 7S "rr, "rlA (/~A)-, and "r~M-globulins.
Several distinctive properties set apart the 7S "rrglobulins from the 7S 3'3-globulins. Each has specific antigenic determinants which facilitate their separate identification by immunochemical techniques. The 7S "rl-globulins tend to migrate more rapidly on electrophoresis. The isoantigens, Iga-1 and Iga-2, are present on 7S "r2-globulins but are not on 7S "rl-globulins. In addition, studies to be reported subsequently indicate that 7S "rl-globulins and 7S "r~-globulins may not respond equally to immunization procedures.
The 7S "rrglobulins (and "r2-globulins) can be distinguished from "rlA (/~2A)-globulins. Each class has specific antigenic determinants. "r~, (/32A)-Globulins occur in polymeric forms with sedimentation coefficients between 7S and 17S but 7S "rrglobulins appear to exist only as 7S globulins. Response to immunization differs in the two classes.
The "r~-globulins (18S "r-macroglobulins) are readily identified on the basis of specific physicochemical and immunochemical properties.
Designation of the four mouse globulin classes,--TS "r2-globulins, 7S "rrglobulins, "rn (fl~A)-globulins, and "rlM-globulins,--as components of the immuno-globulin system is validated by several observations. (a) Each class has antibody activity. (b) Each class is markedly decreased or is absent in germfree mice; i.e., in mice with a minimum of immune stimulation (Fig. 8) . (c) Each shares antigenic determinants in common with the other three immtmoglobulin classes, indicating that all four immunoglobulin classes share common structural components. This evidence has been confirmed and extended in studies on the substructure of mouse immunoglobulins (32) . Additional studies will be required to determine whether or not each immunoglobulin class is synthesized in cells of the lymphocyte-plasma cell system. The present evidence, however, is sufficient to identify the four protein groups as immunoglobulin components.
Merryman and Benacerraf have recently reported (33) that mouse antibody preparations contained at least two families of molecules with slightly different mobility. It was not clear whether the antibody activities were associated with two 7S "r-globulins or with fl2A-globulins and "r~-globulins. The electrophoretic properties, however, more nearly resembled the 7S "r,-globulins and 7S "rrglobulins as defined in the present report.
Three immunoglobulin classes have been identified and characterized in several species. In man 7S (6.6S) "r-globulins, "r~ (/~2A)-globulins, and "rrmacroglobulins are identified. The/~2A-globulins and "riM-globulins of mouse and man appear to be analogous in many ways; i.e., in relative electrophoretic mobility, ultracentrifugal properties, hexose content, and antibody activity (compare Table II here with Table I in reference 1 and Table I in reference 17) . Subdivisions of human 7S -r-globulins have been noted (34, 35) but data are still too scanty to decide whether any of these are similar to the 7S "r~-globulins and 7S "rl-globulins of mice.
Human ,y-globulins have been divided into type I and type II molecules (36) (37) (38) , but this division in man differs from that between 7S ,y2-globulins and 7S ,yrglobulins in mice. The structural basis for the differences between human type I and type II ,y-globulins lies in the properties of the L chains (39) , whereas the differences between mouse 7S ,y2-globulins and 7S ,yrglobulins lie in the H polypeptide chains (32) .
Three classes of antibodies have been identified in the guinea pig. One of these is a macroglobulin and the other two are 7S ,y-globulins (20, 40, 41) . The 7S ~,~-globulins and 7S ,yrglobulins of guinea pig serum resemble the 7S ,y2-and 7S ,yrglobulins of mice in having similar ultracentrifugal behavior, in having Only certain classes of immunoglobulin bind to skin and fix complement (45) (46) (47) . Studies which are underway on the complement-fixing and skin-binding activity of the mouse immunoglobulin classes should help to relate these globulins to comparable proteins in other species. The biologic survival of an immunoglobulin also depends on the molecular class. The rates of catabolism of 7S 3"-globulins and 18S 3"rmacroglobulins differ in many species, including rabbit (48), guinea pig (49), mouse (31) , and man (50) (51) (52) . Metabolic properties of 7S 3"l-globulins and 3"1A (fl~A)-globulins, however, have not been reported. Identification of four major classes of mouse immunoglobulins helped to assess whether known genetic factors influenced all, or only part, of the immunoglobulin population. The Iga-1 and Iga-2 isoantigens of mice were found only on 7S 3"s-globulins. In man, the Gm groups are present only on 7S 3"-globulins (53) (54) (55) (56) and may be comparable to the Iga isoantigens in the mouse. Evidently the Iga gene determines properties of only a part of the mouse immunoglobulin population. It is hoped that recognition of these four major classes of mouse immunoglobulin will help in studies of the structure of these molecules, of the genetic regulation of immunoglobulin synthesis, and of specific differences in immunologic function.
SU~r~rARY
Two classes of 7S v-globulins are identified in normal mouse serum and are designated 7S 3"2-globulins and 7S -n-globulins. These two immunoglobulin classes are similar in size. They differ in range of electrophoretic mobility, in specific antigenic determinants, and in genetically determined isoantigens.
Four classes of immunoglobulins in mouse serum, i.e. 7S 3"2-, 7S 3"1-, 3"u, (~2A)-, and 3"~a-globulins, were shown to have antibody activity. Each class was characterized and shown to have distinctive immunochemical and physicochemical properties. The genetically determined isoantigens, Iga-1 and Iga-2, were shown to be present only on 7S 3"2-globulin molecules.
